X,Y,Z = body fixed axes attached to receiver nose tip X w ,Y w ,Z w = wind axes (X w is aligned in the freestream flow direction) ∆x w = axial stagger between generator nose tip and receiver nose tip when both bodies are at zero incidence, m ∆y w = spanwise offset between generator nose tip and receiver nose tip when both bodies are at zero incidence, m ∆z w = lateral separation between generator nose tip and receiver nose tip when both bodies are at zero incidence, m Greek Symbols β = body sideslip angle, ° δ = uncertainty for a given parameter μ = dynamic viscosity, m 2 s -1 ρ = density, kgm -3 σ = total incidence angle, ° σ eff = effective total incidence based on interference load, ° ∆σ p,up = local flow incidence angle upstream on lifting fin leading edge, ° ∆ = difference of a given parameter from isolated configuration ϕ = azimuth angle measured from windward meridian of the receiver body when at positive incidence, ° Ω = vorticity, s 
I. Introduction
ERODYNAMIC interference can occur when two bodies are placed in close proximity. For a supersonic flow the interference flowfield is dominated by shock and expansion waves which originate from an adjacent generator body and impinge upon the primary body of interest which is referred to as the receiver. This can affect the force and moment characteristics of the bodies and change their subsequent trajectories [1] [2] [3] [4] [5] [6] . The induced changes in static pressure and flow angularity across the impinging disturbances modify both the local and overall aerodynamics of the receiver in comparison with the isolated body case. These interference effects can be particularly pronounced when the receiver body includes tail fins as the impinging disturbances can induce a local flowfield which causes large interference loads on these stability fins.
There is little information available in the open literature on the effects of mutual interference between similar slender bodies at high-speed. An early investigation by Gapcynski and Carlson 3 reported normal force coefficient changes of up to ΔC Z =0.1 for two axially aligned un-finned bodies of revolution at M ∞ =2.01. Within the wider context of high-speed interference research, another study, albeit at a relatively high Mach number of 6 compared with the current work, showed that a planar shock impinging on a cone-cylinder body at zero incidence induced changes in normal force and pitching moment coefficient in the range of -0.22<∆C Z <0.048
and -0.39<∆C m <-0.20 respectively 1 . The pitching moment values reported by Wilcox 1 have been transformed to be consistent with the definition used throughout this paper. These changes were found to increase by up to an order of magnitude when the receiver body was placed at an incidence of σ=15°. Low-order computational studies have been performed to model the supersonic interference aerodynamics between a submunition and a dispenser body 7, 8 and two computation approaches were used to estimate the forces and moments on the submunition. The effect of horizontal and lateral spacing, submunition incidence and the dispenser cavity was considered for a range of configurations across the range of M ∞ from 1.2 to 3.0. In general, despite some notable differences for particular configurations, the measured trends were captured by the computational method.
Although for these configurations the submunition is much smaller than the parent dispenser body, the results highlighted important sensitivities of the normal force and pitching moment to the relative position and submunition angle of attack. In particular it was noted that the normal force and pitching moment changed sign A depending on the position of the submunition. A more recent study, which investigated two axially aligned unfinned slender bodies at zero incidence, found that the sign of the resulting pitching moment was strongly dependent upon the initial lateral separation between the bodies 9 . It has been mooted by several authors that the mutual interference flowfield, and resulting induced pitching moment, could potentially have a notable effect on the trajectory of both bodies 3, 4, [10] [11] [12] .
In addition to the research which discusses the overall interference loads, it is important to understand the detailed underlying flow physics. Of particular interest are the shock-body interactions which have been studied previously for a number of configurations 9, 10, 13, 15 . Brosh 16 and Hung 2 investigated a wedge-generated shock impinging on a cylinder at M ∞ =3 and showed that the shock footprint, in terms of local pressure rise, decreased as the shock diffracted around the body. This difference between the strength of the nearside and farside regions of augmented pressure significantly affected the local normal force distribution over the body. Finally, the nearside pressure rise also resulted in a local boundary-layer separation and a double-reflected shock structure around the primary shock-induced separation bubble. Both studies found that due to the induced circumferential pressure gradient, a strong crossflow occurred which resulted in a local separation on the farside of the receiver body. A similar effect was also noted by Morkovin et al 17 .
In addition to the mainly experimental studies discussed above, there have been some computational studies of mutual interference for slender bodies at high speeds. Hung 18, 19 conducted one of the few computational fluid dynamics (CFD) validation exercises using a thin-layer approximation of the 3D Reynolds Averaged Navier Stokes (RANS) equations to simulate the experimental set-up tested by Brosh 16 . This configuration featured a planar shock impinging onto a cylinder which was at zero incidence. Hung focussed on assessing the ability of the CFD solver to calculate the complex shockwave boundary-layer interactions around the cylinder. It was reported that the calculation of surface pressure distributions on the cylinder were in good agreement with the measurements. However, some of the viscous flow structures were not calculated well by the CFD. In particular, the flow topology on both the nearside and farside of the cylinder, which included induced flow separations,
were not accurately calculated. More recently, Volkov 9 investigated the effect of lateral separation between two axially aligned slender bodies and found reasonably good agreement between the measured and calculated loads. Finally, both Malmuth 10 and Fedorov 15 have reported theoretical approaches to the calculation of overall loads on two slender bodies in close proximity.
Although a few examples exist which investigate the interference effects between simple un-finned bodies of revolution or cylinders; and the related field of store separation, typically at transonic speeds, is well established, there is a dearth of literature focussing on aerodynamic interference at supersonic speeds for more realistic slender body configurations which are likely to include stability fins. The current research 6, 22, 24 is focussed on addressing this gap. The aim of this paper is to quantify and to understand the multi-body interference effects which arise between a finned slender body and an adjacent generator body. This aim is addressed through a comprehensive wind tunnel study where the primary measurements included the receiver body forces and moments, surface pressures as well as shadowgraph visualizations of the flowfield. The experiments investigated the effect of the receiver body incidence as well as the axial stagger between the bodies. Given the complexity of the interference flowfield, supporting CFD calculations were used to help develop an understanding of the underlying causes of the force and moment measurements. This approach aims to use a mutually enhancing combination of experimental and computational results to develop a deeper understanding of the underlying flow physics.
II. Experimental method A. Wind tunnel and model arrangements
The wind tunnel tests were performed using two bodies placed in close proximity. The body of interest is designated as the receiver, on which quantitative measurements were taken. The receiver comprises a 3.5D
tangent ogive forebody and a cylindrical afterbody. It has an overall length of L/D=7.358, where D is the base diameter of D=20mm (Fig. 1) . The receiver body also includes a set of cruciform tail fins which were designed such that the body is marginally stable over an incidence range of -15 ≤ σ ≤ 15°. These tail fins are rectangular in planform with a hexagonal thickness profile (0.2c, 0.6c, 0.2c), a chord of 1 caliber (c/D=1), a semi-span equal to b/D=0.65 and a maximum thickness to chord ratio (t/c) of 0.1 (Fig. 1 ).
.
Fig. 1 Schematic of the receiver body and tail fins
The other body is denoted as the generator and this is used to create the disturbance flowfield. Two axisymmetric generator bodies were used. The first is a sharp nosed generator which is the same as the receiver body but with no fins (Fig. 2a) . The second generator is a blunt-nosed version of the sharp generator which has the same overall length as the sharp generator (L/D=7.358, D=20mm) but includes a hemi-spherical forebody (Fig. 2b) .
. . diameter, of Re D =1.4x10 6 . No boundary-layer transition devices were used for the interference tests presented in this study using the finned receiver body. However, additional measurements on an un-finned isolated receiver body were performed as part of the research programme using a wire transition strip which was attached 2mm from the leading edge. These tests demonstrated a negligible effect on the normal force and pitching moment coefficients with only a small increase in axial force of ∆C X,t =0.01 in comparison to the natural transition tests 6 .
It was therefore considered that the boundary-layer was naturally turbulent during these experiments.
Multi-body testing was performed using a dual model support system (Fig. 3) . A traverse mechanism allowed both the upper generator body and the lower receiver body to be translated relative to one another in the streamwise direction. The incidence of the receiver body was controlled using the lower support sting and quadrant, which rotated about a center of rotation point 1.65D upstream of the base on the body centerline. Each body was connected to their respective supports using a D s =16mm diameter sting (Fig. 3) .
Fig. 3 Wind tunnel arrangement of finned receiver and sharp generator
Each multi-body configuration is defined by the relative lateral separation (∆z w ), spanwise offset (∆y w ) and axial stagger (∆x w ) between the receiver and generator nose tips when both bodies are at zero incidence (Fig. 4) .
The spanwise offset between the bodies and the body sideslip angles were both zero in all cases (∆y=0, β=0°) and the lateral separation (∆z w /D=2.94) and generator incidence (σ G =0°) also remained fixed throughout. The receiver body was always orientated in the zero roll position (λ=0°) which is the plus '+' fin orientation relative to the tunnel axis. 
B. Experimental method
For the multi-body configurations, the receiver body incidence was typically varied between -15≤σ R ≤15°. A 5s settling period was employed at the start of each tunnel run. At each incidence, the receiver body paused and the forces and moments were measured using an ABLE MKXIV 6-component, internal balance. The force and moment balance output was filtered using a 5Hz low-pass filter and the data was acquired at a sample rate of 100 kHz with a typical sample duration of 2s. A shadowgraph image was also taken at each incidence setting. A light source was focused using a 0.38m diameter lens and the illuminated flowfield was projected onto a transparent screen on the opposite tunnel window where a still image was taken with a PCO Sensicam qe camera. This same experiment procedure was used for different axial stagger configurations, different generator bodies as well as the isolated receiver configurations. The overall test matrix comprised configurations with an axial stagger of ∆x w /D=-1.65, 0, 1.67, 2.68, a receiver incidence range of -15≤σ R ≤15° as well as the use of the sharp and blunt generator bodies. Finally, Pressure Sensitive Paint (PSP) measurements on the receiver were taken for a subset of configurations at ∆x w /D=1.67 and a full description of the PSP set-up and measurement procedure is presented in Chaplin et al 23 .
C. Measurement uncertainty
The experimental uncertainties were calculated using the approach of Taylor 25 and are mostly expressed as a fractional uncertainty of the measured value ( Table 1 ). All measurement uncertainties were estimated from systematic and random sources of error which included the instrument calibration, instrument accuracy given by the manufacturer and the data acquisition resolution. Based on the isolated receiver measurements, a flow angularity correction of σ cor =-0.05° was applied to the measured data which ensured zero normal force at zero incidence for the isolated configuration. 
III. Computational method A. Solver description
All computational calculations were conducted using the Cobalt flow solver 26 . This is an unstructured, implicit code based on a finite volume formulation and further details are reported by Strang 27 . Steady-state viscous calculations were performed which solved the Reynolds averaged Navier-Stokes (RANS) equations and modeled turbulence using Menter's 2-equation SST turbulence model 28 . The solutions were obtained using 2 nd order spatial accuracy and the wind tunnel freestream conditions were specified as initial conditions.
B. Computational grids
All the 3D computational grids were created using the grid generation software Gridgen 29 and were based on a hybrid meshing approach. The computational domain modeled one-half of the flowfield since the sideslip angles for both bodies were zero. This assumption was supported by the measurements of side force and yawing moment for the receiver body which were found to be nominally zero. The computational domain extended from a short distance upstream of the leading edge of the foremost body to approximately 3D downstream of the base of the aftmost body (Fig. 5a ). The base and supporting sting were also included for each body where appropriate. The surrounding flowfield domain boundary was arranged so that the bow shock of both bodies exited through the downstream outlet face.
The hybrid grids contained both structured and unstructured blocks and used hexahedral, tetrahedral and pyramid cell types. The body surfaces, and a region close to each body, were gridded using structured cells in order to achieve an appropriate level of boundary-layer resolution and appropriate control of the grid refinement regions, particularly between the fins (Fig. 5b) . A first cell spacing in the radial direction adjacent to each solid wall was chosen to ensure an average y + value over the body of less than or equal to one 30 . The typical first cell wall normal distance was 3.4x10 -6 m. A progression ratio of approximately 1.1 was used to cluster the grid points towards the body surface and typically 25-30 cells spanned the boundary-layer maximum thickness 30 .
External to the near-surface structured zone were two unstructured zones. The unstructured zone adjacent to the structured zone contained cells which were similar in size to the structured cells. The farfield unstructured zone was coarser since it was far from the bodies. Special care was taken to ensure there was smooth cell size progression across all block boundaries.
C. Boundary Conditions
All body and sting surfaces were defined as adiabatic, no-slip, solid walls ( Fig. 5a ). A symmetry condition was applied on the x w -z w plane since the sideslip angles of the bodies were zero. Both the inlet and farfield boundary conditions were prescribed as fixed supersonic inflows at the wind tunnel freestream operating conditions. The outlet boundary values were calculated using a modified Riemann invariants condition 26 .
(a)computational domain (b) sample of grid 
Grid convergence
A selection of configurations which are representative of the dataset as a whole were further investigated to assess the solution sensitivity to spatial resolution and to provide an estimate of the discretization error using the approach of Roache 31 . A grid convergence study was completed for each of the selected configurations over three grid levels. For the hybrid grids used in this investigation it was necessary to use an effective grid refinement ratio 31 . This was based on the relative total grid sizes and was approximately r eff ≈1.5 for this investigation (Eqn. (1) shows r eff between the fine and medium grid levels).
The integrated force and moment coefficients (C X , C Z , C m ) were used as the comparison parameters in the grid convergence study. Typical values of Grid Convergence Index (GCI), as defined by Roache 31 , between the fine and medium grids were less than 0.5% in this paper. Consequently, the fine grid solutions presented in this paper were considered to be grid independent. Typical grid sizes were in the order of 18 to 22 million cells.
IV. Results
The flow physics involved in the multi-body configurations is often highly complex and the elemental flow features tend to be bespoke to each configuration. This makes the extraction of simple and general trends difficult. To develop the necessary understanding of the aerodynamic effects, this section initially focuses on the receiver in isolation and then goes on to discuss the simpler multi-body configurations where the receiver incidence is zero. Further analysis is then devoted to configurations where the receiver is at incidence and where the aerodynamics becomes more complex. Finally, the effect of the axial stagger between the bodies and receiver incidence are also assessed.
A. Aerodynamics of the receiver body in isolation
In advance of assessing the complexities of the multi-body configurations, the aerodynamics of the receiver body in isolation is first considered with regard to the force and moment characteristics as a function of incidence. Key aspects of the flowfield which are pertinent to the subsequent analysis of the multi-body configurations are also discussed.
Receiver force and moment characteristics as a function of incidence
As expected, for the receiver body in isolation, both normal force (C Z ) and pitching moment (C m ) show a predominately linear variation with incidence (σ R ) (Fig. 6a) . The pitching moment reference point is located at the receiver nose tip. At an incidence of σ R =15°, the CFD results show that the fins account for approximately a third (35%) of the total normal force and for half (49%) of the total pitching moment (Table 2) . Overall, there is good agreement between the measured and calculated values of C Z and C m. For a mid-range nominal incidence of σ R =6° there is a difference of 1.9% between the calculated and measured C z and -0.5% for C m . However, in the high negative incidence regime, there is a more noticeable discrepancy between the measured and calculated loads. The measurements of C Z are a maximum of 7% larger than the calculations at the extreme value of σ R =-15°. There are small variations in the measured corrected axial force coefficient across the incidence range (Fig.   6a ). However, the CFD calculations underestimate the magnitude of the measured C x by an average of 11% across the incidence range and these calculated values lie outside the stated experimental uncertainty. Moreover, the calculated values show that the fins account for approximately half of the total axial force loads for most incidence angles ( Table 2 ). The measured values of lateral forces and moments are all nominally zero and this supports the decision to perform the numerical simulations using an assumption of centerline symmetry. Across the incidence range investigated (-15 ≤ σ R ≤ 15), the longitudinal center of pressure location (X cp ) of the receiver body remains approximately fixed at X cp /D≈5 (Fig 6b) . The centre of pressure and centre of gravity are measured from the receiver nose tip and X cp is calculated from X cp =-C m /C N 32 . Importantly, X cp is aft of the center of gravity location (X cg /D=4.55) and results in a positive static margin, meaning that the body is statically stable over the incidence range studied. A typical magnitude of the marginal static margin is X sm /D=0.3 for a receiver incidence of σ R =±15°. Moreover, good agreement is observed between the measured and calculated values of X cp with a maximum difference in the order of 0.1 calibers but frequently much less (Fig 6b) .
Flowfield features of the receiver body at σ R =0, 8, 15°
Overall, there is a consistency between the measured and calculated forces and moments which forms a useful foundation on which to investigate in more detail the calculated flowfield for receiver incidence angles of σ R =0,8,15°. The aim of this is to establish a basis for subsequent analyses with which to understand how the interference flowfield affects the detailed aerodynamics of the receiver body. Although the reported fin loads in this paper include all four fins, the subsequent detailed analysis focuses on the lifting fins. Considering the symmetry about the X-Z axis, in the rest of this paper these are usually referred to as a lifting fin rather than fins.
The leading edge shock structure on the lifting fin is important as it influences the surface pressures on both the fin itself as well as on the body in the inter-fin region. When the receiver incidence is zero, the strength of the upper and lower portions of the shock emanating from the leading edge of the lifting fin are equal. Both of these shocks intersect with the equivalent shocks emanating from the fins located on the x-z symmetry plane at ϕ=0,180°. This is highlighted in Fig. 7a which shows the surface static pressure distributions on the receiver in side view as well as the receiver unwrapped surface in the x/L-ϕ plane. The receiver azimuth angle (ϕ) is measured from the windward meridian of the receiver body when at positive incidence, which in the current configuration is on the receiver body farside at the X-Z symmetry plane (Fig. 4) . These intersecting shocks lead to a high pressure zone in the inter-fin region which is bound by both shocks and is observed in the axial distributions of pressure on the body taken at ϕ=45,135° (Fig. 8 (a), (b) ). Since the effect of the fins on the body are equal in the upper and lower inter-fin regions there is no change in resultant local normal force in this region of the body.
As the receiver incidence increases, the lower portion of the lifting fin leading edge shock strengthens and the upper portion weakens (Fig. 7 (b),(c) ). The augmented shock strength leads to regions of elevated pressure in the lower inter-fin region ( Fig. 7(a),(c) ). The opposite is observed in the upper inter-fin region where the local shock footprint decreases in magnitude as incidence increases (Fig. 8(b),(c) ). However, the shock angle at which the shock propagates increases for the lower portion of the leading edge shock as the incidence increases and therefore the net effect on the body depends on the combined aspects of both the changes in shock strength and affected area. As the receiver incidence increases from zero to σ R =15°, the local flow from the windward to leeward side of the body leads to a crossflow separation which is common for slender body configurations at moderate incidence. At σ R =15° the skin friction lines in Fig. 9(a) show a well-established and definitive primary separation line which feeds the primary vortex. There is also a smaller secondary body vortex which is located beneath the primary vortex which rotates in an opposite sense to the primary vortex. These two vortices cause a reduction in leeside pressure (Fig. 8) and give rise to the so-called 'vortex-lift' component of the overall normal force.
Of particular note is a third vortical flow feature adjacent to the lifting fin on the windward side of the body.
A shock-induced separation vortex develops along the windward side of the body in the lower inter-fin region for the receiver incidence settings considered of σ R =8 and 15°. Since the body is symmetrical, the vortical flow features are also observed at negative incidence. This separation is the result of a glancing shock interaction between the leading edge shock from the lower surface of the lifting fin and the local boundary-layer ( Fig. 9 (a)). This flow feature is not observed at σ R =0°. As the incidence increases, so does the strength of the leading edge shock from the lower surface of the lifting fin and can be seen to a lesser extent at σ R =8°. When the receiver incidence is σ R =15°, this leads to a well-defined separation line ( Fig. 9(b) ) from which the local flow separates and rolls up into a small vortex close to the surface. The windward vortex is not as large as the primary vortex but it does have a noticeable effect on the inter-fin pressure distribution (Fig. 8 (c) ) and acts to reduce the contribution of the lower inter-fin region to positive normal force. 
B. Effect of axial stagger
In multi-body configurations, the disturbance flowfield includes a primary shockwave which emanates from the generator forebody and impacts on the receiver body. It also includes the associated expansion wave which arises downstream of the primary shock. The axial impingement location of the primary shockwave is known to have a marked effect on the magnitude and sign of the interference loads acting on an un-finned slender body 6, 22, 24 . The fins on the receiver body in the current investigation were expected to intensify this effect. In this section, the interference aerodynamics for a selection of key cases from the measurement database are investigated which includes configurations with the sharp generator and the finned receiver at five different incidence angles (σ R =-15, -8, 0, 8, 15°) placed in four axial stagger arrangements (∆x w /D=-1.65, 0, 1.67, 2.68).
The calculated flowfields are then used to further understand the relevant flow physics for a subset of configurations at σ R =0°.
Effect of axial stagger on the receiver force and moment characteristics
The receiver interference loads are sensitive to the axial stagger between the bodies and both the normal force and pitching moment coefficients show a change in sign over the axial stagger range considered (Fig 10) .
Non-monotonic distributions of both normal force and pitching moment interference are observed as the sharp generator moves aft from upstream of the receiver (∆x w /D=2.68) to downstream of the receiver (∆x w /D=-1.65).
The generator induces the largest magnitude of interference loads when the bodies are axially aligned (∆x w /D=0). Broadly for all settings of receiver incidence (σ R =-15, -8, 0, 8, 15°), the observed interference loads (∆C z , ∆C m ) show the same characteristics with an initial increase in interference magnitude as the generator moves from upstream to downstream with the local magnitude maximum at ∆x w /D=0. 
Aerodynamics of the datum configuration (∆x w /D=0, ∆z w /D=2.94)
The underlying aerodynamics of the multi-body configurations studied in this paper are highly complex.
Before analyzing the force and moment trends above, this section introduces a datum configuration to identify and to explain the important flow physics and to describe some key metrics and concepts which will help interpret the results presented in the remainder of this paper.
The datum configuration comprises the receiver and sharp generator which are axially aligned (∆x w /D=0), with a lateral separation of ∆z w /D=2.94 and both bodies at zero incidence. An important characteristic of this configuration is that the impinging bow shock passes close to the lifting fins as it diffracts around the receiver body (Fig. 11) . A first step in the analysis is to evaluate the relative contributions to the overall interference loads of the receiver body (ogival forebody and cylindrical centrebody) compared to the fins, which is done using the computed flowfield. The CFD calculations are essential to understand the detailed force and moment characteristics of the multi-body configurations since the individual fin loads were not measured in the experiments due to the size of the model. In this datum configuration, the fins account for 53% of the total calculated normal force interference and 58% of the pitching moment interference (Table 3 ). This underlines the potential effect that the fins can have on the magnitude of the interference loads for a multi-body case. The overall interference loads are a complex function of different elemental changes in the local aerodynamics compared to the isolated case. A comparison of the computed surface pressures for the isolated ( Fig. 12(a) ) and datum ( Fig. 12(b) ) receiver configurations at zero incidence illustrates that the diffracted shock path in the multi-body case is in close vicinity to the lifting fins (∆x f /D=-0.7). The parameter ∆x f is defined as the minimum distance between the diffracted shock and the leading edge of the lifting fin at ϕ=90°. The diffracted shock induces a change in the local flow pitch angle close to the lifting fins which the CFD results estimate to be ∆σ p,up =-2.6°. This local flow pitch angle has been extracted from the CFD solution at a single point in the flowfield at the fin mid-span location (midway between the fin root and tip) and a short distance upstream of the fin leading edge (∆x f /D=-0.05). This negative change in flow pitch indicates a 'downwash' effect upstream of the fin. Both inter-fin regions exhibit areas of positive differential induced pressure (where the local pressure is greater than the equivalent isolated case) as a result of the impinging shock front ( Fig. 13 (a),(b)). Fig. 13 (a) also highlights the effect of the post-shock expansion wave from the generator on the receiver body pressure distribution. Moreover, the negative flow pitch angle leads to an additional region of positive differential pressure on the nearside inter-fin region but an area of relative expansion flow on the farside interfin region (Φ≈80°) which acts to temper the impact of the diffracted shockwave (Fig. 14) . This indicates that the strength of the leading edge shock from the lifting fin is modified from the isolated case and this, in turn, modifies the impact of the primary impinging shockwave. In other words, there are two key elemental effects which are prominent in the datum interference flowfield, one due to pressure footprints and the other due to flow angularity downstream of the diffracted shock.
In addition to the effect of the shock on the receiver body, the local changes in pressure and flow pitch angle upstream of the fins also affects the fin aerodynamics. A typical first-order estimate 33 of the normal force acting on a fin of zero thickness at an incidence of σ=-2.6° is equal to C Z =-0.055. Although this agrees reasonably well with the calculated normal force coefficient for one of the lifting fins (∆C Z,fin /2=-0.061), the induced changes in the fin ∆C Z,fin are not solely due by the changes in flow pitch angle. A more detailed analysis of the fin pressure distribution reveals that the induced fin loads are a more complex function of more than one element. The upper surface of the lifting fin is indeed dominated by the augmented strength of the leading edge shock as a result of the negative flow pitch ahead of the fin ( Fig. 15 (a) ). However, the local pressure, especially on the fore panel, is further increased by the impinging shock compression footprint, as noticed in the inter-fin region close to the fin upper surface (Fig. 12 ). There is little change to the fore panel pressure on the fin lower surface (Fig. 15 (b) ).
This is unexpected since the negative flow pitch acts to reduce the pressure in this region. However, the diffracted primary shock compression footprint acts to temper the impact of the flow pitch on the lower surface and overall, there is a negligible change in comparison with the isolated pressure distribution.
Overall, it is clear that even for the geometrically simple datum configuration the aerodynamics associated with the body and fin are highly complicated and the observed forces and moments are influenced by several elemental interference effects. However, it is possible to say that the influence of the flow pitch angle on the fin upper surface dominates the normal force interference for the fin (∆C Z,fin =-0.122). Due to the distance of the fins from the receiver leading edge where the moment reference is located, this results in the induced changes in the fin aerodynamics dominating the overall pitching moment interference load (∆C m,fin =0.814).
(a) isolated receiver (b) Multibody configuration 
Effect of axial stagger on the receiver body at σ R =0°
Further to the discussion of the datum configuration, the other axial configurations will now be discussed.
The measurements show that the relative axial position (∆x w /D) has a notable impact on the normal force and pitching moment of the receiver (Fig. 10) . Broadly the interference characteristics are similar for a range of receiver incidence angles and this section investigates a subset in more detail where the receiver body is at zero incidence. The CFD results are used to investigate the underlying aerodynamics for four axial stagger configurations (∆x w /D=-1.65, 0, 1.67, 2.68) for the receiver and sharp generator at σ R =0° (Fig. 16 ).
In these configurations, the generator is placed upstream of the receiver ( Fig. 16(a) , (b)), axially aligned ( Fig. 16(c) ) and also downstream of the receiver ( Fig. 16(d) ). The shadowgraph visualizations show the aftward movement of the primary shock impingement location on the receiver body as the axial stagger changes from ∆x w /D=2.68 through to ∆x w /D=-1.65. Although not evident in the shadographs, it is worth noting that the disturbance flowfield also comprises expansion waves from the generator body. For the most upstream configuration (∆x w /D=2.68), the primary shock impinges onto the receiver towards the end of the forebody section ( Fig. 16(a) ), while for the aftmost configuration this primary shock impinges just ahead of the fins ( Fig.   16(d) ). The shock diffracts around the receiver body to some extent in all cases and can still be observed on the farside of the receiver in Fig. 16(a) and (b) . The impingement of the primary shock on the receiver nearside results in a reflected shock which reflects back to the generator body. The receiver bow shock strikes the generator body and results in a second reflected shock which returns towards the receiver and impinges at the trailing edge of the uppermost fin. This has a negligible impact on the receiver forces and moments. 
Forces and moments for the receiver body at σ R =0°
The interference loads for cases at zero incidence are sensitive to the axial stagger configuration due to the changes in the axial impingement location and proximity of the primary shock to the fins (Fig. 17 ) and consequently the interference loads tend to be bespoke to each configuration. In general, the sign of the normal force and pitching moment interference loads changes over the shock impingement range considered. For example, the normal force interference is slightly positive when the generator is placed far upstream of the receiver (∆x w /D=2.68) and thus, the receiver body is attracted to the generator body. However, there is also a negative pitching moment which acts to pitch the receiver away from the generator. As the axial impingement location moves aft along the body, the normal force interference becomes more negative, especially for configurations where the shock impinges close to the fins (∆x w /D=0 and ∆x w /D=-1.65 (Fig. 17) ). In these configurations, the induced normal force is negative and this acts to translate the receiver away from the generator. The equivalent ∆C z and ∆C m results for the un-finned receiver 6 are also shown in Fig. 17 to highlight the effect of the fins, especially the notable impact for the datum configuration (∆x w /D=0) where the impinging shock influences the local fin incidence. This effect of the change in local fin incidence is also observed to a lesser extent for the ∆x/D=1.67 and ∆x/D=2.68 cases and a detailed discussion of the flowfield mechanisms that lead to changes in local fin incidence is given in the next section.
There is a concomitant change in the sign of the pitching moment interference load which changes from negative to positive as the shock impingement location moves aft along the receiver body. In the configuration where the shock impinges at the aft end of the receiver body (∆x w /D=-1.65), the induced change in pitching moment is ∆C m = 0.56 which acts to pitch the nose of the receiver body towards the generator. Such interference characteristics may increase the likelihood of a collision between the bodies. Finally, good agreement is observed between the measured and the calculated interference loads (Fig. 17) and the CFD solutions are used to understand the effect of axial impingement location on the detailed aerodynamic characteristics.
(a)Interference normal force (b)Interference pitching moment Flowfield interpretation for the receiver body at σ R =0°
In this section the calculated interference loads are split into the relative contributions from the body of the receiver and that from the stability fins to aid the analysis (Fig. 18 , Table 4 ). As discussed for the datum configuration, the induced change in the flow pitch angle upstream of the lifting fin (∆σ p,up ) is an important parameter with respect to the fin interference loads and it is also provided in Table 4 .
As the axial stagger is increased from the datum configuration (∆x w /D=0) to the upstream arrangement (∆x w /D=2.68) the primary impingement location is more towards the receiver nose tip and the distance of the shock to the fin leading edge increases about 0.8D to 3.4D (Fig. 16) . Consequently, the magnitude of the induced change in the flow pitch angle close to the lifting fin reduces from -2.6º to -0.3º (Table 4 ) and the effect of the fins on both the overall changes in normal force (∆C z ) and change in pitching moment (∆C m ) are relatively small. For this upstream axial stagger configuration (∆x w /D=2.68), the overall interference normal force is small (∆C z= 0.023) with relatively similar contributions from the body and the fins. The most notable effect at this axial stagger (∆x w /D=2.68) is the induced pitch down moment (∆C m =-0.43) which is dominated by aerodynamic changes over the body (∆C m,bod =-0.33). Although the changes in the body normal force are very small, the axial pressure distributions over the near and far-side surfaces change, due to the angle of the impinging shock, and there is a consequent change in pitching moment. Broadly for this configuration, the pressure distributions on the fin show very minor changes on the lower surface, with modest reductions in C p on the fin upper surface when compared with the isolated receiver configuration (Fig. 19(a) and (b) )
When the axial stagger is reduced to ∆x w /D=1.67 (Fig. 16(b) ), the induced flow pitch angle at the fin increases in magnitude to ∆σ p,up =-1.2º (Table 4) as the diffracted primary impinging shock is now closer to the fin leading edge. Nevertheless, the interference normal force is small (Fig. 17(a) ) with only modest contributions from both the receiver body and the fins (Table 4 ). This is because the effect of the shock impingement on the receiver nearside is approximately balanced by the impact of the generator expansion wave on the nearside of the receiver as well as the effect of the diffracted shock on the farside of the receiver 6 . For this case, the changes in the pressure coefficient distributions along the fin center-span are small with the only difference being a slight increase in C p on the front panel on the upper surface ( Fig. 19(a) ). The combined effect of the changes in pressure and flow pitch angle over the fins is that the modest increase in pitching moment from the fins (∆C m,fins =0.21) is offset by the induced pitch down contribution from the body (∆C m,body =-0.12) which gives an overall marginal pitch up change of ∆C m =0.094 (Table 4) .
Finally, for the case where the generator is located downstream of the receiver (∆x w /D=-1.65), the receiver body is mainly influenced by the compression footprint of the impinging shock which impacts close to the base ( Fig. 16 (d) ). Moreover, the fin interference loads are also caused by this compression footprint since there is no upstream flow pitch change ahead of the fins (∆σ p,up =0.0º) as the shock impacts on the fin upper surface. Overall there is a notable induced positive pitching moment (∆C m =0.559) which is strongly dominated by the changes on the receiver centrebody.
Overall, the dominant interference mechanism which acts on the lifting fin changes as a function of the axial impingement location. Analysis of the datum configuration has shown that the fin interference loads are a complex function of the pressure footprints from the compression and expansion waves as well as the upstream flow pitch induced by the shock. The potency of these three individual mechanisms vary as the generator is moved forward or aft from the datum configuration and the overall fin interference loads are frequently influenced by all three. However, in general the fin loads are dominated by the generator forebody expansion waves when the generator is furthest upstream of the receiver with an axial stagger of ∆x w /D=2.68 ( Fig. 19 (a) ).
The dominant mechanism changes to the local flow pitch when the generator is located at ∆x w /D=1.67 and ∆x w /D=0 as a result of the proximity of the diffracted shock to the fin leading edge. Evidence of this flow pitch effect is also seen in the circumferential pressure distribution (Fig. 20) in the inter-fin region at x/D=7, where a small region of negative differential pressure is observed close to the lower fin surface. Finally, the compression footprint of the generator bow shockwave dominates the fin interference loads when the generator is aft of the receiver (∆x w /D=-1.65), although the footprint extent is small and the fin interference loads are limited (Table   4) . 
C. Effect of receiver incidence
As the receiver incidence increases from zero, there is a change in the underlying aerodynamics for the isolated receiver where the effects of flow separations, body vortices and streamwise load distribution become more significant. Furthermore, for multi-body configurations, there is a change to the location and strength of the impinging disturbances from the shock and expansion waves and therefore the induced interference flowfield is modified. Consequently, as both the isolated receiver aerodynamics and the impact of the disturbance flowfield are notably different, it is expected that the interference loads will also depend on the receiver incidence setting. This section assesses the measured and predicted data for a subset of the test matrix at one axial stagger (∆x w /D=1.67) to highlight the effect of body incidence on the interference aerodynamics.
The effect of receiver incidence on the interference forces and moments
As the receiver incidence increases from σ R =-15° to σ R =15°, the measured normal force interference load (∆C z ) becomes more negative and changes from -0.03 to -0.18 (Fig. 21 ). There is a concomitant increase in the induced pitching moment coefficient and the axial force interference is relatively small. The trends of both normal force and pitching moment interference are broadly monotonic over the incidence range considered.
Moreover, good agreement is observed between the measured and calculated interference loads and this demonstrates that the computational method is capable of calculating the interference effects for the receiver at non-zero incidence. The largest magnitude of the measured interference loads are observed at high positive incidence where the receiver is closest to the generator. The aerodynamic characteristics associated with the variation in incidence are investigated in the next section using calculations of the configurations across the range at σ R =-15, -8, 0, 8, 15°. 
Center of pressure location as a function of incidence
The induced movement of the longitudinal center of pressure (X cp ) is an important aspect of the interference characteristics for the marginally stable receiver body. The disturbance flowfield induced by the sharp generator translates the center of pressure on the receiver by up to two calibers over the incidence range considered (Fig.   23 ). As a result, the receiver becomes statically unstable for σ R =-2°. Previous observations 6 also indicate, for an unfinned receiver, that the movement of the center of pressure movement is greater if a blunt generator is used as it produces a stronger impinging shock (Fig. 22) . For the finned receiver, this change in the disturbance field caused by the blunt generator also amplifies the impact on the static stability margin so that it becomes unstable when σ R =-6° and, consequently, the finned receiver is statically unstable for over about a third of the measured negative incidence range. 
The effect of receiver incidence on the interference flowfield
The local flow conditions in the disturbance flowfield are expected to strongly influence the induced loads on the receiver body. The computed flow solutions for the finned receiver at σ R =-15, -8, 0, 8, 15° (Fig. 21) and an axial stagger of ∆x w /D=1.67 are used in this section to understand the relationship between the interference loads and the receiver incidence.
Within this subset of configurations, good agreement is observed between the measured and calculated overall forces and moments. The PSP measurements are now compared in Fig. 24 to assess the suitability of the CFD to predict the body surface pressures in terms of the size and location of the interference footprints 6 . Full details of the PSP set-up and method can be found in Chaplin et al 23 .
(a) σ R =-8° CFD For the selection of incidence configurations shown in Fig. 24 , the measured and predicted surface pressures, in particular the interference footprints due to the impinging shockwave and expansion waves are predicted well by the CFD in terms of both magnitude and location on the receiver body. This good agreement is observed for all of the different incidence configurations tested which are not shown here but can be seen in Chaplin 6 . The detailed aerodynamics of the configurations shown in Fig. 24will be discussed below, but the comparison shows that the measured interference flow physics is well captured by the CFD and these predictions can be used to further investigate the interference aerodynamics of other configurations in this paper.
The previous section has shown that for some configurations the local fin loads can be the dominant factor in the overall interference effects. The underlying flow physics of the fin interference loads for the receiver configurations at incidence are highly complex. Of main interest are three interference mechanisms which combine in different ways as the receiver incidence changes. The mechanisms include the compression footprint from the impinging primary shock, the expansion footprint originating from by the generator forebody and the flow angularity across the impinging primary shock.
When the receiver incidence is zero (Fig. 25 (c) ), the fin interference loads are the largest contributor to the overall interference effects ( Table 5 ). The fin interference loads are dominated by the flow pitch upstream of the lifting fins (σ p,up =-1.2°) which causes elevated pressures on the fore panel of the fin upper surface (Fig. 26 (a) ).
The upper surface is also affected to a smaller extent by the expansion wave which emanates from the generator forebody Fig. 26 (a),(b) ). This effect of flow pitch is the primary reason why the normal force across the range of incidence angles of -6 ≤ σ R ≤ 6° is generally negative.
As the receiver incidence becomes more negative (e.g. σ R =-8°, -15°), the fins are located closer to the generator and are in a stronger part of the disturbance flowfield ( Fig. 25 (d) , (e)). The generator expansion waves have a significant impact on the local pressures on the upper surface of the fins. For example, at σ R =-8° the fin is influenced by a moderate flow pitch (σ p,up =-1.3°) as seen in the pressure distribution on the fin lower surface ( Fig. 27 (b) ). However, the expansion waves are strong enough to cancel out the expected complimentary pressure rise on the fin upper surface ( Fig. 27 (a) ) and there is almost no overall fin interference load for this configuration (Table 5 ). Since it is close to the generator, the receiver body is more strongly affected by the impinging shockwave compared with the low incidence cases and there is also less of an influence of the diffracted shock on the receiver farside 6 . As a result, the body normal force is more negative and the overall normal force interference load is negative (∆C Z =-0.034). As the incidence reduces further (σ R =-15°), the fins move closer to the generator and the fin loads are further dominated by a stronger expansion field.
In this case the induced changes in pitching moment from the body and from the fins are of the same magnitude, but opposite sign, so that the net effect is zero.
Finally, as the incidence increases from zero to σ R =15°, the diffracted compression shock impinges further towards the receiver forebody and, because of the obliqueness angle of the shock, it also moves closer to the fin lower surface (Fig. 25 (a),(b) ). The predicted flow pitch at σ R =8° (σ p,up =-2.1°) is larger than the configuration at zero incidence (σ p,up =-1.2°) yet the fin normal force interference is approximately the same. The reason for this is due to the influence of the diffracted shockwave on the lower surface of the fin (Fig. 28 (a) ). The upper surface shows the expected pressure rise due to the flow pitch ( Fig. 28 (a) ) but the compression footprint from the diffracted shock tempers the reduction in pressure on the lower surface as a result of the flow pitch. When the incidence increases further to σ R =15°, the compression footprint augments the lower fin surface more and the fin loads become positive.
The underlying flow physics of the finned receiver becomes increasingly complex when the receiver is placed at incidence. Firstly, the receiver incidence has a subtle yet significant impact on the aerodynamic characteristics. This is due to both the location of the receiver body in the disturbance flowfield as well as the proximity of the fins to the generator body. Secondly, the interference effects can change the stability of the finned receiver to be statically unstable. This is the case for a notable part of the negative incidence range considered when the blunt generator is used (Fig. 23 ) 
V. Conclusions
The aerodynamics of a finned slender body in close proximity to a second generator body have been investigated through a series of wind tunnel tests and supporting computational fluid dynamic simulations. This builds on previous research considering an un-finned body. Overall, the interference effects are found to be highly complex as well as bespoke to each configuration and consequently general trends are difficult to extract.
However, it is possible to say that large interference loads are generally found when the diffracted shock is close to the fins. Although the fins provide a vital role in ensuring aerodynamic stability, in some cases they can have a detrimental influence on the interference characteristics of the receiver body. For example, in some configurations, the interference loads caused by large forces on the fins will induce a large pitch-up moment towards the generator body, thus increasing the likelihood of a collision between the two bodies. Furthermore and equally as importantly, the interference effects in some configurations are strong enough to cause the receiver to become statically unstable.
This is an important finding since the body could potentially become uncontrollable.
The magnitude and sign of the interference loads are most sensitive to the axial impingement location of the primary disturbance. In some cases a change in sign is observed over the range of axial stagger configurations considered. Moreover, when the diffracted shock passes close to the leading edge of the lifting fins, there is an induced flow pitch which then results in large fin interference loads.
The fin interference loads are a complex function of the three interference mechanisms discussed in this paper:
the post-shock flow angularity and the two pressure-based mechanisms due to the impinging shock and expansion waves. The dominant interference mechanism which influences the fin loads is found to change over the axial stagger and receiver incidence range considered. This gives an indication of the complexity of the problem. The receiver incidence setting subtly plays a more significant role than in an un-finned configuration. This is because it is important which part of the receiver body is placed in which portion of the disturbance flowfield. For example, large loads can develop on the fins when the body is at high negative incidence and the fins are in close proximity to the generator body and therefore in the strongest region of the disturbance flowfield.
Overall, the measured and calculated results showed good agreement throughout, including detailed surface pressure validation between CFD and PSP. Moreover, the CFD calculations were successfully used to interpret the measured results and better understand the underlying flow physics of the problem. The CFD was particularly crucial in understanding the contribution of the fins to the overall interference loads since the wind tunnel model was unable to measure the fin forces and moments due to size constraints.
